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        Abstract: The phenomena of self-stimulation of incoherent radiation emitted by par-
ticles in a system of undulators installed in the linear accelerators or quasi-isochronous sto-
rage rings is investigated. Possible applications of these phenomena for the beam physics 
and light sources are discussed.  
 
                                                            1. Introduction  
    Self-Stimulated Undulator Radiation (SSUR) is a kind of radiation emitted by a charged par-
ticle in a field of the downstream undulator in the presence of self-fields of its own wavelets 
emitted at earlier times in the same or upstream undulator. These wavelets focused back to the 
particle’s position at the entrance of the downstream undulator with mirrors, lenses and passed 
through the optical delay lines [1]. Numerous schemes of SSUR production can be suggested in 
general. Below we considering two of such schemes based on the magnetic lattices of the linear 
accelerators and storage rings. Requirements to the parameters of electron or ion beams (energy 
spread, emittance), magnetic lattices and degree of synchronicity are evaluated. The storage rings 
(including the compact ones) using the ordinary or laser undulators for generation of continuous, 
quasi-monochromatic radiation in the optical to X-ray regions are considered for usage of SSUR.  
 
2. SSUR source based on the linear system of undulators  
    A particle passing through an undulator emits an undulator radiation wavelet (URW), the 
length of which in the direction of its average velocity is 1Mλ  where M is the number of undula-
tor periods, and 1λ  is the wavelength of the first harmonic.  In a system of uN  identical undula-
tors, located along straight line, the particle radiates uN  URWs with a separation l; both l and 1λ
are defined by the Doppler effect, by an angle θ  between the average particle velocity in the un-
dulator and the direction to the observer, by the distance between the undulators 0l , by the period 
of the undulator uλ  and by the relativistic factor 1γ >> . In the forward direction ( 0θ = ) these 
numbers are: 20 / 2l l γ=  and 21 / 2uλ λ γ≅ . The energy radiated by a particle in a system of uN  
undulators becomes modified and is uN  times larger than the one radiated in just a single undu-
lator. The spectrum of radiation emitted in an arbitrary direction also changes, appearing as a line 
structure. The integrated spectrum does not change much however.   
      In the publication [1] a way to increase the loss rate of a particle in a system of uN  undula-
tors by the introduction of controlled delays in the motion of the particles between undulators 
relative to their URWs was suggested; see Fig.1.  
 
          
            
Figure 1:  Schematic of the installation.  
 
    Delays are chosen so that a particle enters the following undulator in the decelerating phase at 
the front edge of its URW, which was emitted from preceding one. In this case the particle will 
experience deceleration in its self-field generated by its instantaneous motion in the field of the 
undulator (friction force generated by the spontantenous incoherent radiation) as well as in the 
field of the URW from preceding undulators (stimulated radiation in field of a co-propagating 
URW). Under such conditions superposition of the wavelets occurs, which yields the electric 
field growth ~ uN  and the growth of energy density in the emitted radiation becomes ~
2
uN . Be-
low we will name the linear system of undulators by self stimulated undulator klystron (SSUK). 
   To be optimally effective, this system must use appropriate focusing elements such as lenses 
and/or focusing mirrors, see the schematics of installation in Figs. 1, 2. Mirrors and lenses are 
used to form a crossover in the middle of the undulators with the Rayleigh length of the order of 
the length of undulator / 2R uZ Mλ≅ .  
 
Figure 2: Equivalent optical scheme. 
 
    A reminder here is that for any method of Optical Stochastic Cooling (OSC) it is important to 
inject as many photons as possible in the spectral bandwidth / ~ 1 / 2Mλ λΔ and in the angles
~ 1 / Mθ γΔ [2], [3], [4], [5]. The number of photons within this angular and energy spread 
does not depend on the length of the undulator. So, for example, the use of three pickup undula-
tors in SSUK is 3 times more effective in the emitted field strengths and 9 times more effective 
in the emitted energy (in the number of emitted photons) than just in a single pickup undulator. 
This also means that usage of such system with three pickup undulators and a single kicker for 
OSC is 3 times more effective for damping, than just a single pickup and a single kicker. So the 
effectiveness of the pickup and kicker SSUK system consisting of uN  undulators each is propor-
tional to 2uN . 
    We considered here the case where the optical delays are tuned so that the wavelets emitted by 
the particle are congruent and the particle always stays at the decelerating phase. For this the 
beam delay system must be isochronous for all particles in the beam selected for cooling.  
    Another important item is the destructive interference with URWs radiated by other particles. 
This process is similar to OSC, leading to reduction of cooling process proportional to 1 / bwN , 
where 1 /bw bN NM lλ≅ , stands for the number of particles in the bandwidth, lb is the bunch length 
and N  is its population.  
      We have considered а case, in which the URWs are emitted by each particle individually. 
The same consideration still valid for the single micro bunch with the number of particles 1N  
and the length 1mkbl λ<<  (such micro bunch is equivalent to a particle with the charge 1eN ) or 
for the trains mkbN  such micro bunches in a parametric (prebunched) Free Electron Lasers (FEL) 
[6]. In this case the power emitted is 2 21~ uP N N . The system which consist of a modulator undu-
lator with the laser beam and the system of radiator undulators installed in a storage ring (as well 
as in ordinary or energy recovering linacs and recirculators) can be used by analogy with the 
scheme considered in [7].  
 
 
 
 
3. SSUR source based on storage rings 
      The SSUR source is based on a quasi-isochronous storage ring equipped with an undulator 
installed in its straight section and the mirrors installed at both sides of undulators outside of the 
closed orbits of electrons, circulating in the ring (Fig.3). So the mirrors set an optical resonator.  
      The scheme of the SSUR source has resemblance to the scheme of ordinary FEL with addi-
tional synchronicity condition: the oscillation period of the URW emitted by every electron in 
the undulator inside the optical cavity coincides with the revolution period of this electron in the 
storage ring for the large range of energy and transverse emittance of the beam. The URWs emit-
ted by every electron are accumulated effectively in the optical resonator by the superposition 
one by another if theirs longitudinal shift per turn satisfies condition 
 | | / ,ml FλΔ ≤  (1) 
where 1 /m mλ λ=  is the wavelength of the UR emitted by the electron on the m-th harmonic in 
the direction of its average velocity, F is the finesse (quality factor) of the optical resonator.  
 
                                  
                Fig.3. Schematic diagram of SSUR source built around a storage ring.  
 
     One important peculiarity of the source suggested here is that there is no requirement for the 
coherence in radiation among different electrons in the bunch like it is required for the pre-
bunched FELs [8], [9], [10] including ones based on isochronous storage rings, [11], [12]. Elec-
trons in this source are not grouped in micro-bunches with the longitudinal dimension m||σ << λ , 
separated by the distances which are integers of mλ . Stimulated process of radiation for each 
electron is going in the undulator with their own URW fields only. Every electron enters the un-
dulator together with its URWs emitted at the earlier times [1].  
      The condition (1) presents the main synchronicity condition. In general case there are 2M+1 
similar collateral synchronicity conditions corresponding to incomplete overlapping of the 
URWs  
 | | / ,m ml n Fλ λΔ − ≤  (2) 
where 0, 1, 2,...n = ± ± , | |n M≤ , M is the number of the undulator periods. 
    Obviously, all properties of the spontaneous incoherent radiation emitted by the electrons in a 
SSUR source under main synchronicity condition 0n =  are not changed, except intensity, which 
becomes higher by / 2F π  times. At collateral synchronicity conditions (|n| > 0) the URWs 
emitted by an electron at each pass through the undulator are shifted by the distances , 2 ,m mλ λ± ±
... ,mnλ±  / 2mMλ⋅⋅ ⋅ ±  with the gaps /ml FλΔ ≤  for the next URW relative to previous one 
and the properties of radiation are different: the intensity is dropped, but the monochromaticity is 
increased with the number n.  
      Note that the emitted wavelength of URW 2 2(1 ) / 2m u K mλ λ γ+  depends on the relative 
energy 2/ mcγ ε=  and hence, on the number n of synchronicity condition, where 2| |K p⊥= =
JG
 
2 2| | / 2u ee B m cλ π⊥
JG
 is the deflection parameter of undulator, p γ β⊥ ⊥=
JJG JJG
, /v cβ⊥ ⊥=
JJG JJG
is the trans-
verse relative electron velocity exited by the field of undulator, B⊥
JG
 is the transverse component 
of the magnetic field strength vector,  em  is the rest electron mass, ε  is the electron energy [13].  
4.  Requirements to the electron beam parameters of the SSUR 
                                               sources, based on the storage rings  
    The general synchronicity condition in the SSUR scheme is as the following 
 ,| | / ,e URW ml c T FλΔ = ⋅Δ <<  (3) 
where ,e URW e URWT T TΔ = −  is the difference between the revolution periods of the electron in the 
storage ring and the UWR in the optical resonator. We are considering 2 /URW mirT L c const= = , 
( , )e e bT T Aε= , where mirL  is the distance between mirrors, bA  is the amplitude of the electron 
betatron oscillations. The value ,e URWTΔ  can be presented in the form , be URW AT T TηΔ = Δ + Δ , 
where in the smooth approximation ,x zβ  , ,/ 2x z x zCβ πν=  
 / ,cT Tη η ε εΔ = ⋅ ⋅ Δ          2 2 2, , / ,A b x z xc T A Cπ ν⋅Δ =  (4) 
21 /c cη γ α= −   is the phase slip factor of the ring [14], [15], C – is the circumference of the elec-
tron orbit, , ,b x zA , ,x zβ , ,x zν  are the horizontal/vertical amplitudes, β -are the functions and tunes 
of electron betatron oscillations accordingly, cα  is the momentum compaction factor of the ring 
[15]. For relativistic electron beams c cη α− . Synchronicity condition determines the limiting 
energy spread, amplitudes of betatron oscillations and emittance of the electron beam:  
            / /r m cCFε ε λ ηΔ < ,      , , , ,/ /b x z m x z x zA Fλ λ ν π< ,     , ,2 / ,x z m x zFλ π ν∈ <  (5) 
where , ,/x z x zCλ ν=  is the wavelength of the betatron oscillations. Note that the last inequality in 
(5) , / 4 1x zFν >  times stronger than one for the diffraction limited electron beam. The used 
smooth approximation permits to appreciate the expressions for requirements to the storage ring.  
       In order to URWs emitted in the direction of the undulator axis overlapped effectively they 
must have small spread of the carrier frequency. It follows from here that the requirements to the 
energy and angular spreads of the electron beam and its emittance should be   
           / 1 / m Mε εΔ << ⋅ ,     1 / m Mθ γΔ << ⋅ ,   2, , , / ,x z x z m x z uLε β θ λ λ π= ⋅ Δ <                  (6) 
where u uL Mλ=  is the undulator length. Usually the values / 1 / ,m cC F mMλ η⋅ ⋅ <<  
2 /uF L C>> . That is why the conditions (6) are less severe than the (5).  
      Note, that if the energy spread of the beam bεΔ  is much bigger than the limiting one rεΔ , 
then ~2M+1 collateral synchronicity conditions ml c T nη η λΔ = Δ = ±  can occur simultaneously at 
the energies determined by the different numbers n with the limiting energy spreads determined 
by (5). For |n|=M  the acquired relative energy spread of the beam 2MF  times bigger: 
 / 2 / .b m cM Cε ε λ ηΔ <  (7) 
    The requirements to the beam emittance for the collateral synchronicity conditions stay (5). 
They are less severe than requirement for the limiting energy spread rεΔ .  
     Example. Let 1 1mλ λ= =  mkm, C=100 m, 510cη −= , 2.5, 31.4x Fν = = , M=30. In this ex-
ample, according to (5), the electron beam for the main synchronicity condition must have the 
emittance , 8.1x z∈ <  nm,  energy spread 5/ 3.2 10rε ε −Δ << ⋅ , 2/ 3.01 10bε ε −Δ << ⋅  and amplitudes 
, 0.22z xA <<  mm.  
      The requirements to the electron beam emittance in the optical region are acceptable for the 
2nd Generation Light Sources (GLSs). At the same time the requirements to the electron beam 
energy spread /rε εΔ  are severe for the modern 3rd, future 3.5th  Generation Light Sources 
(GLSs) [16] and for the LSs using multi-turn recirculation of the ultra low emittance electron 
beams in the energy recovery storage rings [17], [18], [19], [20]. The energy spread and the 
emittance of the beam can be decreased if the energy and the current of the beam in the storage 
rings could be decreased.  
      If we accept, that the normalized transverse beam emittance is 0.1n∈ =  mm.mrad and the rel-
ative energy spread is 4/ 10bε ε −Δ <<  then at the energy 5ε =  GeV ( 410γ = ) the geometrical 
emittance will be equal to 1110−∈=  m. These beam parameters are typical for the advanced 4th 
GLSs under development and are one order of magnitude bigger than for 3rd GLSs [21].  
      Requirements to the electron beam energy spread and emittance are increased with the hard-
ness of the UR 2 /m mcω π λ== = . It is difficult to obtain the energy spread of the electron beam 
/rε εΔ  necessary for synchronicity conditions in the X-ray region ( 01m Aλ ∼ ), but it is possible 
to obtain the energy spread /bε εΔ  and to work with the main and collateral synchronicity con-
ditions ( 0 | |n M< < ). Some electrons in the beam will work effectively in this case, if the re-
quirements (1), (2), (5) are satisfied. 
 
5. To the beam dynamics in a quasi-isochronous storage ring 
     One of the main problems in the considered scheme of the SSUR source is the condition of 
synchronicity(3), which can be realized in an isochronous storage ring ( | | 1cη << ). In a year 2007 
Helmut Wiedemann wrote: “An electron storage ring where the momentum compaction is ad-
justed to be zero or close to zero is called an isochronous ring or a quasi-isochronous ring. Such 
rings do not yet exist at this time but are intensely studied and problems are being solved in view 
of great benefits for research in high energy physics, synchrotron radiation sources, and free 
electron lasers to produce short electron or light pulses.” (see [15], p. 303). To the present day all 
projects and experiments were done with existing storage rings converted to isochronous ones by 
some changes in theirs lattices. The problem of optimal isochronous storage ring for any given 
purpose is not solved. This is a difficult problem. D. S. Robin and W. Wan for such case in 2007 
wrote: ”Let’s assume that one has a storage ring and wants to adjust the lattice settings to obtain 
certain properties such as low emittance or a small momentum compaction, etc. Determining 
how to adjust the lattice to achieve certain properties is not a straight forward process. The 
process is actually blind and involves a lot of trial and error. In many ways it is an art which is 
aided by the instincts and experience of the practitioner” [22].  
     To understand the problem of the isochronous storage ring, we should investigate the auto 
phasing problem of the electrons when slip factor cη  is small. The principle of phase focusing is 
a fundamental one for the beam stability in the circular accelerators and storage rings. It is de-
scribed by the system of equations 
                         s
c p
pqc
dt
d Δηβϕ −= ,        
c
p εΔΔβ = ,         0 sinturn s
s
d eV U
dt T
ε ε φΔ= = −               (8) 
where  ϕ  is the electron phase, /v cβ =  is the relative electron velocity, q  is harmonic order, 
ep m cβγ=  is the electron momentum, sT , sU  are the revolution period and the frictional energy 
losses of synchronous electron per turn, 0V  is the amplitude of the RF voltage [23]. Damping and 
fluctuation terms in equation (8) are neglected.  
     The slip factor determines critically the beam stability. If the slip factor is reduced to zero, 
then, according to (8), the phase of electron is not changed, its energy is going in the same direc-
tion up or down depending on the position of the electron phase ϕ  relative to the synchronous 
phase sϕ . The linear theory of phase focusing predicts the beam loss in such case due to lack of 
phase stability. In this case or if the slip factor is very small, the higher order terms in the expan-
sion of the slip factor over the energy and amplitudes of betatron oscillations become significant.  
      The problems associated with isochronous storage rings can be facilitated if the phase focus-
ing rejected and the ring forced to work with low-friction particles (ion and muon beams, low 
energy electron beam) and the eddy fields or phase displacement mechanisms. In this case the 
beam will be unbunched. Here we would like to underline that the lattice can be constructed in a 
such way that the slip factor will reach zero value, cross it or will have minimum at given energy 
of the electron. Near to these amplitudes and energies the regions of the energy and amplitudes 
(5) appear which satisfy the synchronicity condition (3). The problem is in development  of a 
lattice for the quasi-isochronous storage ring, which has zero slip factor at given transition ener-
gy and the revolution time of electrons near the transition energy has weak dependence on their 
momentum and amplitudes of betatron oscillations.  
 
6. Excitation of an optical resonator by the electron beam 
    The electric field strength of the circularly polarized Gaussian laser beam in an open resonator 
for the fundamental transverse TEM00 mode is given by 
                         
2 2
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w r krE r z t E e t k z z
w z w z R
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ω ς− − +G , (9) 
where r is the radial distance from the central axis of the beam, z is the axial distance from the 
beam's waist, / 2 /k cω π λ= = is the wave number, λ is the wavelength, 0, 0|r zE Eλ λ = == , 
2 2
0( ) 1 / Rw z w z Z= +  is the radius at which the field amplitude and intensity drops to 1 / e  and 
21 / e  of their axial values, respectively, 0 (0)w w=  is the waist size, 20 /RZ wπ λ=  is the Ray-
leigh length, 2 2( ) [1 / ]RR z z Z z= + , ( ) ( / )Rz arctg z Zς = . The corresponding time-averaged inten-
sity is 
 
2 2
0
0, 2
2( , ) exp ,
( ) ( )
w rI r z I
w z w zλ λ
⎛ ⎞⎛ ⎞= −⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠
 (10)
 
where 0, (0,0)I Iλ λ=  is the intensity at the center of the beam at its waist. The same form (9) has 
the vector potential ( , , )A r z tλ
JG
. Its components can be presented in the form 
, , , , ,( , ) ( ) ( )x y x y x yA r t e q t A rλ λ λ=
JG G G G
, where ( )q tλ  is the amplitude of the vector potential and ( )A rλ
JG G
 is 
the eigenfunction of the resonator normalized by the condition  2| ( ) | 1
V
A r dVλ =∫ JG G . The total 
free electromagnetic field in the resonator is described by the expression ( , )A r t =JG G  
, ,[ ( ) ( )] ( )x yx ye q t e q t A rλ λ λλ +∑ G G G . The electric field strength in the EM wave which is not restricted 
transversely in the resonator, can be expressed through the vector potential in the form ( , )E r tλ =JG G
( , ) /A r t cλ
•
=JG G ( , )k q A r tλλ λ
JG G
. The normalization condition in this case leads to 
2 2 2 2
0 0| ( ) | / 2mirV E r dV k w L Eλ λ π= =∫ JG G . It follows from here, that the normalized amplitudes are 
0 01 / / 2mirA w Lπ= , 0 0/ / 2E k w Lλ π= .  
      The equation for the amplitude of the eigenmode qλ  for free fields in the resonator is the fol-
lowing [24] 
 2 ( , ) ( , )rq q q J r t A r t dV
F V
λλ λ λ λ
λ
ω ω•• •+ + = ∫ JG G JG G  (11) 
where Fλ  is the resonator finesse related to the frequency λω , and the dot means time derivative. 
This is the equation of damped harmonic oscillator excited by the external force
( ) ( , ) ( , )
V
f t J r t A r t dVλ= ∫ JG G JG G . The energy in every mode appears instantaneously with the electron 
entering the undulator and is growing in time in accordance with the electron motion and radia-
tion in the resonator. After the electron exits the resonator the energy in the modes stay constant. 
In reality, we must summarize the electromagnetic fields in the resonator. Only in this case we 
will obtain the compact URW in the resonator with no energy located outside of the URW.   
      Below we simplify the problem and accept that the URW is in a steady-state regime under 
the synchronicity condition 0lΔ = . The harmonic m=1 is excited in a helical undulator. In this 
case the circularly polarized electric field strength of the emitted URW has the form (9) with the 
amplitude 0 0|r zE E = == , the stored energy of the URW is URWε = 2( / 4 )V E dVπ =∫ 2 20 0 1 / 8E w Mλ , 
where 1Mλ  is the length of the URW. For the steady-state regime the energy loss of the URW 
per single turn is equal to the energy loss of the electron in the fields of undulator and the URW. 
For single electron ( , ) ( ) [ ( )]e eJ r t ev t r r tδ= −
JG G JG G JG
, where ( )er t
JG
, ev
JG
(t) are the electron radius-vector 
and velocity respectively. In this case the energy emitted by the electron in the URW per single 
pass is eεΔ = 0 ( , ) ( , )
T
URW
V
J r t E r t dVdt =∫ ∫ JG G JG G , 00 ( , ) ( , )T e URW ee e ue v r t E r t dt e E Mβ λ⊥=∫ JG G JG G . The damping 
of the URW energy for single revolution is URWεΔ = [1URWε −  exp( )]URWTδ−  2 20 1 0 / 4w M E Fπ λ , 
where δ  is the damping decrement of the URW, 1 exp( )URWTδ− −  2 /URWT Fδ π . From the 
energy balance e URWε εΔ = Δ , the accepted condition / 2R uZ Mλ=  or 20 1 / 2uw Mλ λ π=  and in 
case of high finesse / 2 1F π   the electric field strength 20 18 /E e F Mβ λ⊥= , the energy of the 
URW URWε =  2 2 2 218 / (1 )e K F Kπλ⊥ + . It follows from here that the amplitude of the URW emit-
ted by the electron per pass is 20 0 12 / 16 /E E F e Mπ π β λ⊥Δ = = , the energy of the URW and the 
number of the photons emitted for a single pass are 
 2 2 2 2 2,1 132 / (1 ), 16 / (1 )URW e K K N K Kγε π λ α⊥Δ = + = +  (12) 
where 2 / 1 /137e cα = == . Non-synchronous condition of excitation of the resonator 0lΔ ≠  
can be investigated by analogy with excitation of resonators by the periodic electron bunches in 
the parametric FELs [25]. Note that in this case behavior of the energy variation of the URW in 
the optical resonator is similar to the energy dependence of an oscillator excited by an external 
force (see Appendix). 
      Note that in many applications the beam intensity is determined by the rms beam size ( )zσ  
with the form  
 
2 2
0
0, 2( , ) exp( ) 2 ( )
rI r z I
z zλ λ
σ
σ σ
⎛ ⎞⎛ ⎞= −⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠
.  (13) 
According to (10) and (13)  ( ) 4 ( )w z zσ=  and 24 ( ) /RZ zπσ λ= .  
 
7. Frictional cooling of electron and ion beams 
     The beam cooling associated with increase of six-dimensional (6D) phase space density of the 
beam due to reduction of its emittance. There are two ways to the particle beam cooling. They 
are based either on friction (frictional force is directed against the particle velocity) or on the li-
miting the inter-particle spacing (follow the particle of the beam and force the particle to shift to 
the center of the beam) [26], [27]. In any case personal force must be applied to each particle in-
dividually. External fields and self-fields produced by particle beam do not lead to cooling as 
they act upon all particles around the reference one.   
      According to the generalized Robinson damping criterion for the frictional cooling, the rate 
of the 6D beam density change is determined by the damping decrement  
 6 2
1 ( ) ( )(1 ) ,Fr FrD
P Pε εα β ε ε
∂= + + ∂  (14) 
where ( )FrP ε  is the power of the electromagnetic energy emitted by the particle [27]. Different 
parts of the beam in the phase space volume occupied by the beam can have different rates of 
cooling. In case of SSUR, the partial derivative of the power ( ) /FrP ε ε∂ ∂  strongly depends on 
the deviation of the particle’s energy on the energy corresponding to the condition of main or 
collateral synchronicity.  
      If the resonator is switched off, then, according to (12), about 0.1 equivalent photons per pass 
with the energy 1ω∼ =  is emitted in the undulator with the undulator deflection parameter K>1. 
In this case the photon energy and the frictional power 2( )FrP ε ε∼ . That is why in the relativis-
tic case the first and second terms in (14) are equal. If the resonator is turned on, the power 
( , )FrP tε  at the energy corresponding to the synchronicity condition is increased / 2F π∼  times 
and, according to (5), (6), the partial derivative ( ) /FrP ε ε∂ ∂  at the bias of the dependence 
( )FrP ε  is increased ~ ( / 2 )( / ) / 2m c m cF M CF M Cπ λ η λ π η=  times. That is why the second term 
in (14) will be / 2m cM Cλ π η∼  times higher than the first one and the damping time will be 
/ 2m cF M Cλ π η∼  times smaller.  
      If we introduce a delay line in the resonator and amplifier, then the possibility appears to 
move the energy corresponding to the synchronicity condition down and to gather the dense par-
ticle beams at the lower energy (the analogy of the frequency chirp for the laser cooling of ion 
beams). The efficiency of this scheme can be increased if we will turn on the amplifier per dura-
tion of the particle bunch for damping time of the URWs, then turn it off, removing by this way 
the stored laser energy from the resonator per one revolution and repeat this process many times. 
In this case the damping process can be many orders of magnitude shorter. Different schemes of 
cooling can be considered (RF accelerating fields are switched on/off, eddy fields or phase dis-
placement mechanisms are used, their combinations). IR, optical and UV amplifiers are available 
for SSUR cooling of particle beams.   
      Notice, that the frictional cooling supposes individual action of the friction force on a par-
ticle. A particle moving non-uniformly in the external fields produces the self fields (both Cou-
lomb, longitudinally and transversely) distributed in space. These fields have both transverse and 
longitudinal components relative to the particle velocity. They form the frictional forces for the 
considered particle and stochastic disturbing forces for the neighboring electrons. Joint fields of 
the particle beam do not violate Robinson damping criterion. But individual interaction of par-
ticles can lead to excitation of betatron and phase oscillations not only through the Coulomb 
fields (intrabeam scattering) but through the transverse ones as well. 
 
8. Light Sources based on self-stimulated undulator radiation 
   The scheme of the SSUR source requires an electron beam with ultralow transverse emittance, 
energy spread and an optical resonator with high finesse (quality factor). This is possible in cm 
to optical and UV regions. Very high finesse (above 106) can be achieved either by using the di-
electric super-mirrors or in certain microcavities based on whispering gallery modes [28]. The 
problem of X-ray mirrors is not solved and stays very important one. The only versions for such 
mirrors applicable for the Light Sources (LS) now are the mirrors based on the Bragg scattering 
[29], [30], [31], [32], [33], [34]. These mirrors effectively reflect radiation in a very narrow spec-
tral range. For normal incidence the reflection of X-rays from the diamond under the Bragg con-
dition could approach 100% - substantially higher than for any other crystal. Commercially pro-
duced synthetic diamond crystals demonstrate an unprecedented reflecting power at normal inci-
dence and millielectronvolt-narrow reflection bandwidths for hard X-rays [35]. Electron beams 
with normalized emittance 1 mm mrad  exist now. One order smaller emittances are under dis-
cussion.  
      SSUR source in the limiting case / 0bε εΔ = , 0cη = , 0∈=  and under the general synchro-
nicity condition (n=0,  total overlapping of URWs for all electrons of the beam) will have the 
power which is / 2F π  times higher than spontaneous incoherent radiation acquired in the reso-
nator with TEM00 mode outside of the synchronicity condition.  
      In this case under the collateral synchronicity condition corresponding to the contact between 
the neighboring URWs (|n|=M), the power of the SSUR will be equal to the incoherent one but 
the monochromaticity will be increased / 2F π  times (similar to the case of parametric FELs 
[25]), the length of the effective URW will be equal 1/ 2 / 2
ef
URW URWl Fl MFπ λ π  . If in this 
case the length of the electron bunch efb URWl l<< , then both every emitted URW and the total 
bunch of the UR (the sum of the emitted URWs) will be described (except a part of the length bl  
for total bunch) by approximately pure sine wave with slowly decreased amplitude. The power in 
the total URW is equal to the power of the spontaneous incoherent radiation. Note that the spon-
taneous incoherent UR consists of the large number of short independent URWs and  usually 
b URWl l>> . In this case there is no phase correlation between the URWs and the form of the total 
electric field strength in the UR bunch is far from sine like one.   
      If the smallness conditions (5) for the energy spread, the slip factor and the emittance are vi-
olated, then in the 6D phase space region occupied by the electron beam ~2M sub-regions satis-
fied to the synchronicity conditions (2) appear. However the effect on the total power amplifica-
tion for such beam will not be high because of the phase space volume occupied by sub-regions 
is less then the total 6D volume. The transient behavior of the power of the emitted undulator 
radiation can be used for its amplification (see Appendix).  
      By using a linear system of uN  pickup undulators, SSUK, (see Figures 1, 2) located along 
the straight section of the storage ring one can amplify this process 2uN  times. Note that for the 
SSUK the requirements to the bunch parameters are much easier then (5). They are determined 
by (5) if we replace C on 0l , cη  on ,c lη , ,x zλ  on 0l , and suppose , 1x z Fν = = , where ,c lη  is the 
local slip factor do not burden by the auto phasing problem [2]. There is no problems to produce 
the isochronous linear system of undulators with the zero local slip factor [36].  
      The Bragg reflecting crystal mirrors have a peculiarity. They absorb a small fraction of ener-
gy in the small frequency range reflωΔ   ( 1refl meVωΔ= ∼ ) during URWs round trip. The intensi-
ty reflection coefficient in this frequency range can be high 1Brr − 2 / 0.99reflFπ   and near to 
zero ( 0Brr  ) in the rest spectral region. The total energy of the URWs during round trip reflec-
tion will be decreased 1, /Br Br tot refl URWr r t t
− = Δ Δ = / 1reflM M >>  times, where 1refl reflt T MΔ =  is the 
duration of the reflected URW, 1 12 /T π ω= , 6 71 / ( ) 10 10refl reflM ω ω= Δ −= =   is the number of 
cycles in the reflected URW. The degree of monochromaticity /ω ωΔ  and coherence length of 
the reflected URW refl refll c t= Δ will be increased 1,Br totr−  times.  
      The fronts of URWs reflected by Bragg mirrors will coincide with the initial ones. Electrons 
will emit their URWs at different moments of time in the limits of the electron bunch current du-
ration btΔ . The lengths of the reflected URWs 1refl refll Mλ=  can be much larger than the bunch 
length b bl c t= Δ . In this case the UR bunch after reflections in the resonator will be presented by 
one long ( refl bl l>> ) nearly pure sine wave except short (~ bl ) head and tail parts of the beam.  
     X-ray version of SSUR source based on the Bragg reflecting crystal mirrors could be effec-
tive if quasi-isochronous storage rings, ultralow emittance electron or cooled ion beams and high 
finesse mirrors could be used. Backward Compton scattering sources based on compact lattices 
and laser undulators can be discussed as well.  
9. SSUR sources and Free-Electron Lasers 
      When we are talking about a quasi-isochronous storage ring we have in mind that round trip 
slip factor of the ring is set to zero. At the same time the local slippage factor can be high in the 
region occupied by the undulators. It means that bunching of the beam and the emission of cohe-
rent UR can be produced by external electromagnetic wave in the undulator or in the SSUK (un-
dulator/optical klystron mechanism [37], [38], [39]). If the large number of electrons satisfying 
to the synchronicity conditions (2) are located on the length of the URWs 1Mλ  (coherence 
length, sample) then stimulation of SASE regime by high value seeding URWs from sub-regions 
satisfied to the synchronicity conditions will appear. Self-bunching will appear as well. In this 
case outside the undulator or SSUK the bunching can be lost but it will appear again and will be 
amplified in addition to the previous one by stored co-propagated URWs for the next turns 
through the same undulator or SSUK. By such way stimulation of the oscillator X-ray free-
Electron laser regime under the main and collateral synchronicity conditions can be produced.  
      Unfortunately in the case of Bragg resonators the amplification of the reflected UR beam will 
be done for the very small part of the beam being amplified (for the electron beam duration btΔ ). 
At the exit of the undulator the seed URW will be amplified to the extent of ,(1 ) Br Br tot incg r r I+  for 
the duration btΔ , where  g  is the gain of the FEL, incI  is the initial incoherent intensity of the 
UR beam emitted after first pass of the electron beam through undulator. Only a part 
,2 1/ 1refl b reflr t T M= Δ <<  of the added radiation will be adopted by the Bragg resonator. That is 
why in this case the threshold condition is ,2 ,(1 ) 1refl Br Br totgr r r+ >>  [33]. This is very hard condi-
tion, however. Using SSUK can amplify this process 2uN  times.  
 
                                                             10. Conclusion  
   The phenomenon of self-stimulated incoherent emission of the UR in the SSUKs and quasi-
isochronous storage rings is investigated. The requirements to the beam parameters (emittance, 
energy spread) and the degree of synchronicity are evaluated for the SSUR source based on a 
quasi-isochronous storage ring. SSUR source based on either the ordinary and compact storage 
rings using the static or laser undulators, electron or ion beams, ordinary or Bragg resonators are 
able to generate both short and continuous, quasi-monochromatic light beams in the optical to X-
ray regions.  
     A transient behavior of the amplitude and the power of the URWs are investigated. It was 
shown that these values are the quasi-periodic functions of the revolution number in the time in-
terval determined by damping time of the URW in optical resonator. At this interval the power of 
emitted radiation can be much higher than its steady state value. That is why the emitted power 
can be increased if the energy of optical beam stored in the resonator will be extracted periodi-
cally (or, if the phase of the stored radiation in the URWs will be changed to π ) for one revolu-
tion of the beam in the ring (overload conditions).  
     The schematic SSUK could be used effectively in different methods of optical cooling (OC) 
of particle beams (ion, muon) in ordinary (non isochronous) damping rings [2], [3] - [5]. So these 
systems can serve as an effective pick-up undulator, for example. According to OC principle the 
optical parametric amplifier(s), controllable screens [2] and kicker undulators could be located in 
the subsequent straight sections.  
      SSUKs could be used effectively both in ordinary and prebunched FELs.  
     Excitation of resonators and a new scheme of cooling in the quasi-isochronous storage rings 
were discussed as well. Peculiarities of the SSUR emission can be used as an alternative method 
of muon and ion cooling in the storage rings.  
     This work was supported in part by RFBR under Grants No 09-02-00638a, 09-02-01190a.  
 
                                                                Appendix 
The electric field strengths of an URWs emitted by a particle during its pass through the undula-
tor on the n-th turn in the storage ring can be presented by the expression ( , )nE t n =  
0 1sin[ ( ( 1) )]E t n tω − − Δ in the interval [( 1) ]n t t n t− Δ < < Δ , and ( , ) 0nE t n =  outside of the inter-
val, where 10 ( 1)t n t MT< − − Δ < , tΔ  is the slip time, the moment ( 1) URWt n T= −  corresponds to 
the arrival of the n-th URW to the observation point. The electric field strength of the sum of 
URWs emitted by a particle on its n-th pass of the undulator and URWs emitted by a particle on 
its previous 1,2,3… (n-1)-th passages of the undulator and reflected by mirrors of the optical re-
sonator is  
                                    ( 1)0 1
1
( , ) sin[ ( ( 1) )]
n
n
n
E t n E t n t e βω − −
=
= − − Δ∑ ,                                        (A1) 
where we took into account the damping of the URWs by the coefficient URWT 2 / Fβ δ π= =  
determined by the mirror reflectivity r 1 2 / Fπ= − . 
      The expression (A1) is brought to the geometric progression  
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 which can be presented in the form 0 1 0 1( , ) sin( ) cos( )n nE t n E a t E b tω ω= +  or 
                                                    1( , ) sin( )n nE t n E tω ξ= +                                                        (A2) 
where 0n nE E A= , 2 2n n nA a b= + ,  
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− + −= − +   arccos /n n na Aξ = , 1 tα ω= Δ ,  
2 / Fβ π=  is the damping decrement in units of the revolution number n.  
      As was expected if the value 0tα = Δ =  then n na A= = 0(1 ) / (1 ) |ne e nβ β β− − →− − → , 
1 0| 1 / (1 ) | 1 /n n na A e
β
β β β−>> →= = − = , 0n nb ξ= = .  
      If 0α ≠ , the function nA  is varied on the time interval  10 /t MT t< < Δ  and come into 
steady state regime at 1 /n MT t> Δ . In the steady state regime nA  is determined by (A2) at the 
condition 1 /cn n MT t= = Δ .  
      It follows from (A2) that if 1β <<  then the amplitude of the URW nE  is the quasi-periodic 
function of the revolution number n with the angular frequency α  (with the period 1 /Tn T t= Δ ) 
and with negative-going amplitude for the damping time 1 /nτ β= .  At 1cnβ >> , n nτ>  it tend 
to the steady state regime:  
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                                    2 2
1( )A n α β+ ,                 2 2arccosn
βξ α β+ .                           (A3) 
      A
val τ
ted p
tract 
to ch
the ri
 
         
        
 
        
         
         
 
1. E.
of Un
http:/
2. E.
Test 
3. A.
4149
4. A.
Acce
5. W
PAC
6. E.
 transient b
1 /T β  ( n
ower can b
periodically
ange the ph
ng (produc
                   
                  
          Figur
   / 12α π=
   / 12α π=
G.Bessonov
dulator Ra
/arxiv.org/
G. Bessono
in a Muon 
A. Mikhail
, 1993.  
A. Zholent
l. Beams 4
.A.Franklin
07, p.1904-
G.Bessonov
ehavior of 
1 /τ β= ) i
e much hig
 the energy
ase of the 
tion of the 
          (a)     
            (c) 
e 4:  Time d
, 0β =  (a
,  0.01β =
, M.V.Gor
diation, Jou
abs/1003.37
v, M.V. Go
Storage Rin
ichenko, M
s, M.S. Zolo
, 031001, (2
. Optical St
1906, 2007
. Parametr
the amplitu
s presented
her then th
 of the ligh
stored radia
overload co
                    
                  
ependence o
); / 12α π=
(d), cn n>>
bunkov, A.
rnal Instru
47.  
rbunkov, A
g. Phys. Re
.S. Zolotore
torev, W. W
001).  
ochastic C
.  
ic free-elec
de nA  and
 on the Fig
eirs averag
t beam in t
tion in the
nditions). 
                   
 
                  
f the SSUR 
, 0.01β =
τ .     
 Refere
A.Mikhaili
mentation J
.A. Mikhai
v. ST Acce
v. Optical 
an. Optic
ooling Proo
tron lasers, 
 the relative
. 4. At this 
e meanings
he optical r
 URWs to 
                    
                  
power emitt
 (b); α π=
nces 
chenko, A.L
INST_012P
lichenko. E
l. Beams 1
Stochastic C
al Stochast
f-of-Princip
Nucl. Instr
 power ( nP
interval the
. That is wh
esonator w
π  for one r
    (b) 
               (d
ed by a parti
/ 12,  0β =
.Osipov. S
_0510, 20
nhanced O
1, 011302 (
ooling, Ph
ic Cooling o
le Experim
. Meth, 198
2
nA= ) for 
 amplitude
y it will be
ith the peri
evolution o
) 
cle at  
.05  (c), 
elf-stimula
10, p.1-4; a
ptical Cool
2008).  
ys. Rev. Le
f Muons, P
ent”, Proce
9, A282, p.
the time int
 and the em
 useful to 
od extrT τ
f the beam
 
 
ted Emissio
rXive: 
ing System
tt.71: 4146
hys. Rev. S
edings of 
442-444. . 
er-
it-
ex-
 or 
 in 
n 
 
-
T 
7. E.G.Bessonov. A method of harmonic generation in a storage ring based FEL, Proc. of 21st 
Internat. Free Electron Lasers Conf., Aug.23-28, 1999, Hamburg, Germany, p.II-51 - II-52.  
8. V.I. Alexeev, E.G.Bessonov. A Parametric Free-Electron Laser Based on the Micro-tron, 
Nucl. Instr. Meth., 1989, A282, p.436-438; Brief reports on Physicas No 12 (1987), p. 43.   
9. Yu.Shibata, K.Ishi, Sh.Ono, Yu.Inoue, S.Sasaki, M.Ikezawa, T.Takahashi, T.Matsuyama, 
K.Koboyashi, Yo.Fujita, E.G.Bessonov. Broadband Free Electron Laser by the Use of 
Prebunched Electron Beam, Phys. Rev. Lett., 1997, v.78, No 14, pp. 2740-2743.  
10. M.Arbel, A.Abramovich, A.L.Eichenbaum, A.Gover, H.Kleinman, Y.Pinhasi, I.M.Yakover. 
Superradiant and Stimulated Superradiant Emission in Prebunched Free-Electron Maser, PRL, 
v.86, No 12, 2001, p. 2561-2564.  
11. D.A.G.Deacon, J.M.J.Madey. Isochronous Storage-Ring Laser: A Possible Solution to the 
Electron Heating Problem in Recirculating Free-Electron Lasers. Phys. Rev. Lett. 44, 449–452 
(1980).  
12. D.A.G.Deacon. Basic theory of the isochronous storage ring laser, Physics reports, v. 76, No 
5, 1981, p. 349-391.  
13. E.G.Bessonov. Light sources based on relativistic electron and ion beams, International Con-
ference on Charged and Neutral Particles Channeling Phenomena II, Channeling 2006, LNF 
INFN, Frascati - Rome, Italy, July 3-7, 2006 edited by Sultan B. Dabagov, published in Proc. of 
SPIE Vol. 6634, 66340X-1 – 66340X-14, (2007).  
14. W.J.Corbett, M.H.R.Donald, A.A.Garren. An Isochronous Lattice for PEP. Proc. PAC 1991, 
1991, p. 2868.  
15. H.Wiedemann. Particle Accelerator Physics, 3rd Edition, Springer-Verlag Berlin Heidelberg 
1993, 1999, 2007.  
16. S.M.Gruner, D.Bilderback, I.Bazarov, K.Finkelstein, G.Krafft, L.Merminga, H.Padamsee, 
Q.Shen, C.Sinclair, M.Tigner. Energy recovery linacs as synchrotron radiation sources, Review 
of Scientific Instruments, V.73, No 3, 2002 (see also 
http://erl.chess.cornell.edu/papers/WhitePaper_v41.pdf).  
17. Nakamura, T. Multiturn circulation of an energy-recovery linac beam in a storage ring, 
PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 11, 032803 
(2008).  
18. Y.Shoji, Y. Hisaoka, T. Matsubara, T. Mitsui, T. Asaka, S. Suzuki. CIRCULATION OF A 
SHORT, INTENSE ELECTRON BUNCH IN THE NEWSUBARU STORAGE RING, 
Proceedings of EPAC 2006, Edinburgh, Scotland MOPCH055, p.163-165. .  
19. S. Suzuki, T. Asaka , T. Matsubara, T. Mitsui, Y. Hisaoka, Y. Shoji. BUNCH 
COMPRESSION USING THE TRANSPORT LINE AND SHORT BUNCH REVOLVING IN 
NEWSUBARU, APAC 2007, Raja Ramanna Centre for Advanced Technology(RRCAT), 
Indore, India THC3MA05, p.619-621.  
20. Y.Shoji, Y. Hisaoka, T. Matsubara#, T. Mitsui. LONGITUDINAL COHERENT 
OSCILLATION INDUCED IN QUASIISOCHRONOUS RING, Proceedings of EPAC 2006, 
Edinburgh, Scotland, p.1972-1974.  
21. P.Elleaume, A.Ropert. The ultimate hard X-ray storage-ring-based light source. Nuclear In-
struments and Methods in Physics Research A 500 (2003) 18–24.  
22. D. S. Robin, W. Wan. EXPLORING THE LIMITS OF THE ALS TRIPLE BEND 
LATTICE, Proceedings of PAC07, Albuquerque, New Mexico, USA TUPMN 117.  
23. C.Pellegrini, D.Robin. Quasi-isochronous storage ring. NUcl. Instr. Meth. A301 (1991) p. 
27-29.  
24. Yu.Shibata, S.Sasaki, K.Ishi, M.Ikezawa, E.G.Bessonov. Excitation of resonators by electron 
beams, http://arxiv.org/abs/physics/0003034.   
25. V.I.Alexeev, E.G.Bessonov, A.V.Serov. On the theory of parametric free-electron lasers 
based on open resonators, Nucl. Instr. Methods A282 (1989) p. 439-441.  
26. E.G.Bessonov. Methods of charged particle beam cooling, in book "Charged and Neutral 
Particles Channeling Phenomena - Channeling 2008", Proceedings of the 51st Workshop of the 
INFN Eloisatron Project, S.B. Dabagov and L. Palumbo, Eds., World Scientific, p. 606-618. 
2010. 
27. E.G.Bessonov. The evolution of the phase space density of particle beams in external fields, 
Proceedings of the Workshop On Beam Cooling and Related Topics, COOL 2009, Lanzhou, 
China, p. 91-93, 2009. http://cool09.impcas.ac.cn/JACoW/papers/tua2mcio02.pdf, 
arXiv:0808.2342v1; http://lanl.arxiv.org/abs/0808.2342; 
http://arxiv.org/ftp/arxiv/papers/0808/0808.2342.pdf. 
28. Encyclopedia of Laser Physics and Technology: finesse, cavity, resonator. http://www.rp-
photonics.com/supermirrors.html.  
29. P.Dobiasch, P.Meystre, M.O.Scully. Optical wiggler Free-Electron X-Ray Laser in the 5A 
Region, IEEE Journal of Quantum electronics, vol. QE19, No 12, p. 1812-1820, 1983. .  
30. R.Colella, A.Luccio. Proposal for a FEL in the X-Ray Region, Optics Communications, V. 
50, No 1, 1984.  
31. Z.Huang, R.D.Ruth. Fully Coherent X-ray Pulses from a Regenerative Amplifier Free Elec-
tron Laser, Phys. Rev. Lett., v. 96, p. 144801-1, 2006; SLAC-PUB-11598, 2006; 
http://arxiv.org/abs/physics/0602076v1.  
32. R.Tatchin. Optical cavity vs. electron beam requirements for the operation of a 1.5 LCLS in a 
regenerative amplifiermode, SLAC-PUB-95-7036, 1995.  
33. K.-J. Kim, Yu. Shvyd’ko, S. Reiche. A Proposal for an X-Ray Free-Electron Laser Oscillator 
with an Energy-Recovery Linac, PRL 100, 244802, (2008).  
34. K.-J. Kim, Yu.Shvyd’ko. Tunable optical cavity for an x-ray free-electron-laser oscil-lator, 
PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 12, 030703 
(2009).  
35. Yu.V.Shvyd’ko, S.Stoupin, A.Cunsolo, A.H.Said, Xi.Huang. High-reflectivity high-
resolution X-ray crystal optics with diamonds. Nature Physics 6, 196 - 199 (2010); 
http://www.nature.com/nphys/journal/v6/n3/full/nphys1506.html.  
36. N.G.Gavrilov, G.N.Kulipanov, V.N.Litvinenko, I.V.Pinaev, V.M.Popik, I.G.Silvestrov, 
A.N.Skrinsky, A.S.Sokolov, N.A.Vinokurov, P.D.Vobly. Observation of mutual coherency of 
spontaneous radiation from two undulators separated by achromatic bend, IEEE Journal of 
Quantum Electronics, VOL. 27, No 12, 1991, p. 2569-2571.  
37. R.M.Phillips. The ubitron, a high-power traveling wave tube based on periodic beam interac-
tion in unloaded waveguide, IRE Transactions on Electron Devices, 1960, v. ED-7, No 4, p.231.  
38. E.G.Bessonov. Peculiarities of harmonic generation in a system of identical undulators, Nucl. 
Instr. Meth. A 341 (1994), ABS 87. 
http://www.sciencedirect.com/science?_ob=MImg&_imagekey=B6TJM-470F3WY-J0-
1&_cdi=5314&_user=492137&_pii=0168900294904596&_orig=search&_coverDate=03%2F01
%2F1994&_sk=996589998&view=c&wchp=dGLbVzz-
zSkzV&md5=8309b9f8f17e8b2ad6263367db281526&ie=/sdarticle.pdf. 
39. N.A.Vinokurov, A.N.Skrinsky. Preprint INP N77-59, Novosibirsk (1977).  
40. J.B.Murphy, S.L.Kramer. First observation of Simultaneous Alpha buckets in a Quasi-
Isochronous Storage Ring. Phys. Rev. Lett., V.84, No 24, p. 5516-5519.  
41. S.Suzuki, T.Asaka, T.Matsubara, T.Mitsui, Y.Hisaoka, Y.Shoji. Bunch compression using 
the transport line and short bunch revolving in newsubaru. Proc. APAC 2007, p. 619-620.  
42. E.G.Bessonov. Undulators, Undulator Radiation, Free-Electron Lasers, Proc. Lebedev Phys. 
Inst., Ser.214, 1993, p.3-119, Chief ed. N.G.Basov, Editor-in-chief P.A.Cherenkov.  
 
  
 
 
 
 
 
